Ventilator hyperinflations are used by physiotherapists for the purpose of airway clearance in intensive care. There is limited data to guide the selection of mechanical ventilator modes and settings that may achieve desired flow patterns for ventilator hyperinflation. A mechanical ventilator was connected to two lung simulators and a respiratory mechanics monitor. Peak inspiratory (PIFR) and expiratory flow rates (PEFR) were measured during manipulation of ventilator modes (pressure support ventilation [PSV], volume-controlled synchronised intermittent mandatory ventilation [VC-SIMV] and pressure-controlled synchronised intermittent mandatory ventilation [PC-SIMV]) and ventilator settings (including set tidal volume, positive endexpiratory pressure, inspiratory flow rate, inspiratory pause, pressure support, inspiratory time and/or inflation pressure). Additionally, each trial was conducted with high (0.05 l/cmH 2 O) and low (0.01 l/cmH 2 O) compliance settings on the lung simulators. Each trial was dichotomised into success or failure under three categories (attainment of PIFR/PEFR less than or equal to 0.9, PEFR-PIFR greater than 17 l/min, PEFR greater than or equal to 40 l/min). A total of 232 trials were conducted (96 VC-SIMV, 96 PC-SIMV, 40 PSV). A greater proportion of VC-SIMV trials were ceased due to high peak inspiratory pressures (35%). However, VC-SIMV trials were more likely to be successful at meeting all three outcome measures (26 VC-SIMV trials, 7 PC-SIMV trials, 0 PSV trials). It was found that manipulation of settings in VC-SIMV mode appears more successful than PSV and PC-SIMV for ventilator hyperinflations.
Ventilator hyperinflation (VHI) is a technique utilised by physiotherapists in intensive care patients who are receiving mechanical ventilation. The aims of VHI are similar to that of manual hyperinflation (MHI) and are primarily implemented in order to improve respiratory function by mobilising secretions and restoring lung volume. Since first being described in the literature in 2002 1 , the use of VHI techniques has increased, with recent surveys suggesting they are utilised within 20% to 40% of tertiary hospitals within Australia 2,3 and approximately 12% of New Zealand hospitals 3 . Despite this interest, there has been little research into VHI to guide education and practice. Clinical studies that have investigated VHI techniques have all utilised different methods to deliver the technique 1, [4] [5] [6] [7] and there is considerable variability among clinicians in how VHI is delivered 3 . Further studies are required to define the optimal parameters for VHI and to standardise delivery of these techniques.
During mechanical ventilation, ventilator settings have the potential to influence secretion movement and commonly result in airflow that may result in impaction of secretions in distal airways 8, 9 . For VHI and/or MHI to be utilised to promote secretion mobilisation, inspiratory and/or expiratory flow rates are modulated in order to bias secretion movement towards proximal airways. Three flow rate characteristics that may contribute to this include generating an expiratory flow rate bias where peak inspiratory flow rate (PIFR) is less than 90% of the peak expiratory flow rate (PEFR) 10, 11 , achieving a PEFR of at least 40 l/min 8 and having a PEFR to PIFR difference of at least 17 l/min 8 . For MHI, several factors are known to influence these parameters. For example, expiratory flow rate bias is better achieved with the use of a Mapleson circuit 12 and PEFR during MHI is higher with the use of larger tidal volumes and unrestricted expiratory flow (or rapid release of the bag) 12 . The expiratory flow rate bias is also more likely to be maintained if MHI is applied at lower levels of positive end-expiratory pressure (PEEP) 13 . However, there is limited research to guide the selection of VHI settings in order to optimise its application for secretion mobilisation.
The aim of this study was to analyse the PIFR and PEFR generated during VHI performed in different modes of ventilation, in order to provide recommendations that may guide the application of VHI techniques in clinical settings.
Materials and methods
A bench-top lung model circuit was utilised for this study (Figure 1 ). The circuit consisted of an AVEA® ventilator (CareFusion, San Diego, CA, USA) connected via a standard ventilator tubing to two lung simulators (SMS "Manley", BC Group International Inc., St Charles, MO, USA), which each had a volume of one litre. Prior to the data collection, the ventilator passed circuit leak tests and calibration tests as recommended by the manufacturer. The same ventilator tubing was used for each trial and no in-line humidifiers were utilised. A respiratory mechanics monitor (Ventrak, Novametrix Medical Systems Inc./Philips Respironics, Murrysville, PA, USA) was placed between the Y-piece that linked the lung simulators and the ventilator tubing. Data was then recorded using Analysis Plus software (Novametrix Medical Systems Inc./Philips Respironics, Murrysville, PA, USA).
Manipulation of the mechanical ventilator settings was completed within three ventilator modes -pressure support ventilation (PSV), volume-controlled synchronised intermittent mandatory ventilation (VC-SIMV) and pressurecontrolled synchronised intermittent mandatory ventilation (PC-SIMV). In VC-SIMV, trials were completed by varying combinations of three tidal volumes (V T ) (0.5, 1 and 1.5 litres) under different levels of PEEP (0, 5, 10 and 15 cmH 2 O), inspiratory flow rates (20 and 50 l/min) and inspiratory pauses (0 and 2 seconds). In PC-SIMV, trials were completed by varying inflation pressure to a peak inspiratory pressure (PIP) of 20, 30, 35 or 40 cmH 2 O under different combinations of PEEP (0, 5, 10 and 15 cmH 2 O) and inspiratory time (T I ) (1, 2 and 3 seconds). In PSV, trials were completed by varying pressure support settings to achieve a PIP of 10, 15, 20, 25, 30, 35 or 40 cmH 2 O under different combinations of PEEP (0, 5, 10 and 15 cmH 2 O). Additionally, compliance of the lung simulators was altered between high (0.05 l/cmH 2 O) and low (0.01 l/ cmH 2 O) compliance states for each trial within a ventilation mode. During VC-SIMV, a decelerating flow pattern was utilised. In VC-SIMV and PC-SIMV, the flow trigger was set high (15 l/minute) to prevent any auto-cycling. During PSV, this was reduced to 0.5 l/minute to allow breath triggering and a rise time setting of five was utilised. In total, 232 trials were conducted (96 in VC-SIMV, 96 in PC-SIMV and 40 in PSV).
The order in which trials were conducted was randomised. Prior to collecting data for each trial, ventilator settings were adjusted and a period of 30 seconds was allowed for stabilisation of breaths within the trial. PIFR, PEFR and PIP measurements were recorded using the Analysis Plus software and recorded in an Excel spreadsheet. Trials were deemed adverse and excluded if they resulted in a PIP of greater than 40 cmH 2 O or a respiratory rate of less than six breaths per minute. The primary outcome related to the ability of the VHI trials to meet PEFR and PIFR properties that promote airway clearance. This included a) PIFR/PEFR of less than or equal to 0.9; b) PEFR-PIFR greater than or equal to 17 l/minute; c) PEFR greater than or equal to 40 l/minute and d) meeting all criteria a to c.
Analysis for each ventilator mode was conducted separately. Data was dichotomised into success or failure against criteria for adverse events and the primary outcome criteria and their frequency and percentages calculated for ventilator settings in each mode. Pearson's chi-square statistics were used to examine if particular ventilator settings contributed to adverse events or were more effective at generating the PIFR and PEFR relationships that are considered necessary for airway clearance. A P-value of ≤0.05 was considered significant. Analysis was performed using SPSS (version 11.5, SPSS, Chicago, IL, USA).
Results
Of the 232 VHI trials conducted, 40 were considered unsafe due to exceeding PIP of greater than 40 cmH 2 O. The majority of these unsafe trials occurred in VC-SIMV mode ( Figure  2 ), which was more likely to be adverse when V T settings of 1.5 litres (81%, P <0.001) were utilised or PEEP settings were 15 cmH 2 O (67%, P=0.004). All five adverse PC-SIMV trials occurred when a PIP of 40 cmH 2 O was targeted and T I was one second. Overall, 19 (79%) of PC-SIMV trials that targeted a PIP of 40 cmH 2 O and 27 (84%) of trials with a T I setting of one second were included for further analysis.
Although VC-SIMV had the highest proportion of adverse trials, it also had the highest proportion of trials that successfully met all the properties of PIFR and/or PEFR reported to promote airway clearance ( Figure 2 ). The likelihood of success in VC-SIMV was not influenced by varying levels of PEEP or inspiratory pauses. Factors that appeared to significantly influence the likelihood of meeting secretion clearance criteria in VC-SIMV are outlined in Table 1 . This included utilisation of moderate V T (1 litre), low inspiratory flow settings (20 l/minute) and low compliance states (0.01 l/cmH 2 O).
Forty-six (84%) of the VC-SIMV trials included for analysis of PIFR and PEFR were successful in meeting at least one key outcome measure. During these 46 VC-SIMV trials, the PIP generated was less than or equal to 35 cmH 2 O for all but three trials, with median PIPs of 21 (range 7 to 35) cmH 2 O for 0.5 litre V T breaths, 27 (12 to 40) cmH 2 O for 1 litre V T breaths and 26 (20 to 40) cmH 2 O for 1.5 litre V T breaths. Ninety percent of PC-SIMV trials achieved the criterion of generating a PEFR greater than or equal to 40 l/minute ( Figure 2 ). The success rate in this criterion was 100% when associated with use of a PIP of 30 to 40 cmH 2 O (P <0.001), inflation pressure of 15 to 40 cmH 2 O (P <0.001) and PEEP of five or less (P=0.005). However, only 8% of PC-SIMV trials successfully achieved all the properties of PIFR and/or PEFR to promote airway clearance. The use of a three second T I and presence of a low compliance state appeared to be the main factors determining success during PC-SIMV VHI breaths ( Table 2) .
No combination of PSV settings was able to achieve a PEFR greater than or equal to the PIFR of at least 17 l/minute ( Figure 2 ). Ninety-five percent of all PSV trials generated a PEFR of greater than 40 l/minute and this was not found to relate to specific changes of any PSV settings. When targeting a PIFR/PEFR of less than or equal to 0.9 the success rate was low ( Figure 2 ), and influenced by higher PEEP settings and low compliance ( Table 3) . 
Discussion
This bench-top study has provided data that can guide future research and clinical practice through the identification of essential components of VHI for the goal of airway clearance. While a variety of ventilator modes are currently utilised for VHI 2,3 , the results from this study suggest that VC-SIMV mode is more successful than PSV and PC-SIMV in achieving the PIFR and PEFR patterns that are required for airway clearance. Although PSV and PC-SIMV achieved the highest overall scores for a single criterion (PEFR >40 l/minute), they performed poorly against the main criterion of generating an expiratory flow rate bias. In comparison, 44 VC-SIMV trials displayed an expiratory flow rate bias and it had the highest proportion of trials that met all three of the desired flow characteristics.
The main reason that VC-SIMV was more successful may be related to the ability to directly control PIFR in VC-SIMV mode compared to PC-SIMV and PSV modes. During VC-SIMV, PIFR can be set and reducing PIFR was associated with greater success against the outcomes in this study. In PC-SIMV and PSV, inspiratory flow cannot be controlled directly and is mainly dependent on airway compliance and resistance. Inspiratory rise or rise time settings on the AVEA ventilator may influence the characteristics of inspiratory flow rate in PC-SIMV and PSV, respectively. A limitation of this study was that the effect of adjusting these two settings was not investigated. However, the relative variation in PIFR or T I that rise time adjustment produces in the AVEA ventilator is small (<8 l/ minute and <0.7 seconds, respectively) 14 and it is unlikely that this would have significantly impacted on the outcome measures. Rise time settings do vary between mechanical ventilator models and differences in PIFR and T I may be larger than measured in the AVEA ventilator 14 , which warrants further investigation and should be considered when performing VHI.
There was significantly less chance of achieving the PIFR and PEFR relationships that are hypothesised to achieve sputum mobilisation for airway clearance when VHI was primarily applied in VC-SIMV at large V T s and high flow rates, or when PC-SIMV or PSV modes were utilised. It is important for physiotherapists to understand that utilising different ventilator modes/settings can result in significantly different PIFR and PEFR characteristics. In a survey of physiotherapy VHI practice, while VC-SIMV was the most common mode, 48% of VHI users utilised other ventilation modes and only 34% of VHI users indicated that they lowered inspiratory flow rate during VHI 3 . The diversity in VHI techniques utilised was also reported by Dennis et al 2 and clinical studies that have investigated VHI techniques have all utilised different methods to deliver the technique 1,4-7 . Only one clinical study has reported the effects of VHI on either PIFR or PEFR 7 . PIFR and PEFR are often able to be numerically or graphically displayed on the ventilator. PIFR and PEFR should be monitored during VHI so that physiotherapists can determine if their VHI settings actually generate the desired PIFR and PEFR relationships required for airway clearance. Future trials of VHI are also needed to confirm the influence of PIFR and PEFR optimisation on sputum clearance in the clinical setting.
Similarities were found between MHI studies and this analysis of VHI. Maxwell et al 15 found that the addition of an inspiratory hold did not significantly influence PEFR during MHI. Additionally, while larger V T s appear to be beneficial for achieving an expiratory flow rate bias, Maxwell et al 12 found that this effect diminished when V T exceeded approximately 1.4 litres expiratory airflow retardation through the use of bag compression, partial exhalation valve closure and application of MHI with higher levels of PEEP can reduce its effectiveness for sputum clearance 12, 13, 15 . In this study, the level of PEEP being utilised during VHI was not a significant factor determining the success of trials during VC-SIMV and PC-SIMV. A reported indication for use of VHI over MHI has been for when PEEP settings are greater than 10 cmH 2 O 2 .
Patients with low lung compliance and poor oxygenation indices may have higher levels of PEEP administered for the purpose of recruitment 16 . VHI appeared to be more effective in patients with low lung compliance. This has also been observed during MHI with a Mapleson C circuit at low and high levels of PEEP 13 . However, the ability to retain PEEP and prevent derecruitment may be a potential advantage of VHI over MHI.
While VC-SIMV mode was more successful in generating desired flow patterns for airway clearance, it also had the largest proportion of trials that were deemed unsafe, especially when V T of 1.5 litres were utilised. By definition, MHI and VHI aim to increase V T , but both techniques have lacked defined V T targets 2, 17 . The use of a 1.5 litre V T in the study design may appear inappropriate when modern ventilation strategies support the use of low tidal volume ventilation 18, 19 . However, V T s of this magnitude are often reached during MHI even when PIP is regulated to less than 35 cmH 2 O 13 and in clinical practice VHI may generate larger V T than when MHI is applied 7 . VHI surveys have described V T targets in the range of 0.5 to 2 litres 3 or up to three times the initial set V T 2 . The results of this study demonstrate the high proportion of unsafe trials that may occur at V T of 1.5 litres or greater. Additionally, it indicates that primarily targeting a high V T target is less likely to result in PIFR and PEFR characteristics that are required for successful sputum mobilisation and potentially exposes patients to barotrauma. Therefore, rather than aiming specifically for hyperinflation, clinicians should instead alter the ventilator settings to primarily achieve PIFR and PEFR targets if the main treatment goal is for airway clearance.
A PIP of 40 cmH 2 O has traditionally been utilised to limit the magnitude of hyperinflation during MHI to prevent volutrauma or barotrauma 20 . The association between unsafe trials and larger V T in VC-SIMV mode supports the primary use of a PIP limit rather than an upper V T target during VHI. While the higher rate of unsafe trials with VC-SIMV could be viewed as a need to avoid applications of ventilator hyperinflation with this mode, its higher success rate in achieving desired flow patterns cannot be overlooked. Therefore, it is essential that ventilator hyperinflation procedures ensure physiotherapists utilise PIP alarm limits set at 35 to 40 cmH 2 O to allow breath termination in VC-SIMV if high airway pressures result. In this study, most VC-SIMV trials that were successful in achieving an expiratory flow bias of less than or equal to 0.9 achieved this whilst maintaining a PIP below 35 cmH 2 O. If VHI is to be applied for recruitment of alveoli, a higher PIP limit may be accepted and the V T delivered, mean airway pressure achieved or use of an inspiratory hold may be more important for the prescription of VHI. The application of VHI with the primary goal of achieving lung recruitment was not a focus of this study. The ability to directly translate these findings into clinical practice is limited by the bench-top methodology utilised. The lung simulator model used is a relatively crude simulation of the characteristics of the human respiratory system, allowing basic representations and comparisons of varying compliance. It cannot replicate the complex characteristics of lung tissue, especially airflow properties within distal airways. Additionally, there may be variations in the compliance/resistance within a ventilator circuit due to the presence of humidification devices or in-line suction systems. As ventilator models can have variations in their circuit setup and range of available modes and settings, the applicability of these findings to models other than the AVEA ventilator also need to be investigated.
A further limitation of this study is the assumptions that the three flow rate characteristics (PIFR/PEFR ≤0.9; PEFR-PIFR ≥17 l/minute; PEFR ≥40 l/minute) are equally effective at achieving secretion clearance and thereby trials that have all three characteristics are superior. While the flow rate characteristics have been described in the literature and used in MHI and VHI research previously, there is little evidence to determine the superiority of one over another. If one of these flow rate characteristics is found to be more important, the results of this study should be reexamined. For instance, if a PEFR ≥40 l/minute was found to be the primary factor associated with secretion clearance, then PC-SIMV and PSV would be recommended instead of VC-SIMV for VHI.
The results of this study suggest the essential characteristics of VHI settings to achieve airway clearance include the use of VC-SIMV with PIFR modulation and moderate V T (1 litre), with low lung compliance also a patient-related factor. Further research is needed to confirm the influence of these factors when VHI is applied in clinical settings. Until further research is available, physiotherapists applying VHI in clinical practice as an airway clearance technique should use these results as a guide for its prescription and closely monitor PIFR and PEFR measurements so that flow patterns that are considered effective for secretion clearance are achieved.
